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ABSTRACT 


An evaluation of 5 Ah and 21 Ah Silver-Zinc batteries was made to 
determine their suitability to meet the energy storage requirements 
of the Bus vehicle, 3 Small probes and Large probe for the Venus 
Multi-probe mission. The evaluation included a 5 Ah battery for 
the small probe, a 21 Ah battery for the large probe, one battery 
of each size for the bus vehicle power, a periodic cycling test on 
each size battery and a wet stand test of charged and discharged 
cells of both cell designs. The study on the probe batteries and 
bus vehicle batteries included both electrical and thermal simula- 
tion foi the entire mission as defined in the GSFC Phase A report 
of May 15)71. "he effects on silver migration and zinc penetration 
of the cellophane separators caused by the various tost parameters 
were determined by visual and x-ray fluorescence analysis. 

The 5 Ah batteries supported the power requirements for the bus 
vehicle aid small probe. The 21 Ah large probe battery supplied 
the required mission power. Both probe batteries delivered in 
excess of 132 percent of rated capacity at the completion of the 
mission simulation. Both battery designs which were subjected 
to periodic cycling demonstrated their feasibility to support exten- 
sive spacecraft testing prior to installing the "flight" battirles. 
Results of the wet stand test showed the design(s) were capable of 
pro-long charge stands without severe capacity degradation. 
Charge stand, charge/float and temperature had the greatest ef- 
fect of silver migration; whereas temperature and discharge stand 
caused the greatest amount of zinc diffusion. 
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SUMMARY 


Performance studies of the 5 ind 21 ampere-hour batteries, selected for the 
Venus Multi-probe Mission, tiuve been completed at GSFC. The battery tests 
have simulated both the electrical and thermal "flight" profiles for the Small 
probe, Large probe and Bus vehicle batteries. 

The 5 Ah small probe and 21 Ah large probe batteries were subjected to environ- 
mental temperatures of -55° centigrade to 10° centigrade during the Cruise mode. 
The batteries performed satisfactorily during the 30 minute Separation phase; 
ami 2 hour Entry to Impact phase at 10*C to (>2°C. Cell out -gassing pressures 
at the high temperature were less than 1.5 atmospheres. The batteries were 
capable of delivering >1.5 times the ampere-hour capacity required for the 
mission. 

Both battery designs were tested for the Bus vehicle profile which included a 1 
hour pre-launch and 90 minute launch phase. These batteries were also capable 
of delivering power during the throe Trajectory Correction maneuvers and 
Probe -Separation at day 148. The batteries were recharged after each opera- 
tion and then-floated-at their open circuit potential. The charge/float method 
kept the batteries at their maximum capacity level without causing severe gas 
evolution within the individual cells. At the end of the five month flight profile, 
the 5 Ah battery delivered 1G0 percent of "rated capacity" whereas the larger 
battery delivered 135 percent of rated capacity. 

Although the "flight" Bus batteriej will only be recharged once during the mis- 
sion, and the Probe batteries will receiving a "topping" charge before separa- 
tion; the batteries used for subsystems and spacecraft tests will require numer- 
ous recharges. Thirteen cells of each ampere-hour size were periodically 
charge/discharge (100% depth) cycled at room temperature to determine the 
amount of capacity degradation caused by this regime. The 5 Ah cell capacities 
degraded by 5 to 11 percent after 20 cycles whereas the 21 Ah cell capacities 
degraded approximately 33 percent within 12 cycles. The "average" cell ca- 
pacities for both design* at the end of the cycling regime were 7.5 and 20.0 
ampere-hours as compared to 8.3 and 29.8 ampere-hours obtained at the be- 
ginning of the test. 
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THE ELECTRICAL PERFORMANCE OF Ag Zn BATTERIES 
FOR THE VENUS MULTI-PROBE MISSION 


BACKGROUND 

Early In 1972 u study was Initiated at GSFC to determine the suitability of 5 and 
21 ampere-hour silver zinc (Ag Zn) cells for a 1977 and 1980 Venus Multi-probe 
mission. Five ampere-hour batteries were selected to provide electrical power 
for the Bus vehicle ami the three small probes. One 21 Ah battery was selected 
to supply the electrical power for the large probe. Each battery was comprised 
of 13 cells connected in series (GSFC Phase A Report, May 1971). 

During entry into the Venus atmosphere the probes are decelerated by releasing 
drogue chutes, in order to obtain a 90 minute profile of the planet's atmosphere. 
The probe batteries during deceleration will be subjected to forces of 500 to 
550 g's. 

Acceleration tests were performed during 1972 on both cell designs, at the 
"flight" level of 550 g's (QEEL/C 72-274) and "prototype" level of 82L g's 
(GSFC/X-761-73-50). The "Epoxy" plate lock system which was used in both 
cell designs was capable of preventing severe damage to the internal cell com- 
ponents. Although both cell designs were able to meet the high "g" require- 
ments for the mission, an additional study was required to determine the effects 
from the 158 day journey at the simulated electrical and thermal parameters. 
The Bus vehicle, Small probe ami Large probe battery performance study was 
completed in 1973. 


TEST PHILOSOPHY 

Eighteen cells were activated for each battery. The cells were charge/discharge 
cycled three times during the Formation process ami then recharged. The 13 
cells whose ampere-hour input capacities were comparatively equal during the 
final recharge were selected for the battery. Two of the remaining five cells 
were discharged to a 100 percent depth (1.00 volts) to obtain the ampere-hour 
capability of the cells. These two reference cells were then placed on wet stand 
storage with the three charged cells, at room ambient temperature. 

Two of the charged cells and five cells in the battery were fitted with pressure 
transducers or gauges (Figure 10) to obtain the cell gassing characteristics 
caused by the simulated battery test as compared to room temperature storage. 
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At completion of the simulated battery test, the three "charged" cells stored at 
room temperature and the 13 cells in the battery were discharged to l.'JO volts 
to compare their ampere-hour capabilities with respect to the two reference 
cells which had been discharged prior to initiating the simulated battery test. 

Three 5 Ah batteries were studied. One battery was tested at the Hus vehicle 
profile and another at the Small probe parameters. The third battery was sub- 
jected to a periodic cycle test. All cells in this battery were discharged to a 
100 percent D.O.l). (1.00 volts) and recharged to 1.08 volts to determine the 
loss of cell capacity caused by cycling. 

Three 21 Ah batteries were also studied. One battery was tested at the Large 
probe parameters and another was also subjected to a periodic cycle test. Al- 
though the 21 Ah battery is only used in the Large probe, the third battery of 
this ampere-hour design was tested at four times the power levels required for 
the 5 Ah Hus battery to compart the effects of the charge/float method used to 
maintain the Hus vehicle battery at its maximum charge level throughout the 
158 day mission. 


NOTE 

Both battery designs were charged the Modified Constant Potential 
method with a 25.74 volt limit. The maximum charge current was 
0.50 amperes for the 5 Ah battery ami 2.1 amperes for the 21 Ah 
battery. When the current decreased to 50 milliamps for the 5 Ah 
battery and 210 milliamps for the 21 Ah battery, each battery 
charger was automatically tripped to the open circuit potential - 
Float Mode - of 24.18 volts (1.8Gv per cell). 

Several cells from each battery and some of the charged and reference cells 
which had been stored at room temperature were dissected at the conclusion of 
all the electrical tests. All separators and electrode? were visually examined 
to compare the amount of Silver migration and the loss of Zinc material caused 
by the different electrical and theimal parameters required f r the Bus, Small 
probe, Large probe and Periodical Cycling tests. Samples of the cellophane 
separators were analyzed by x-ray fluorescence spectroscopy to determine the 
concentration of Silver and Zinc. 

TEST PROCEDURES 
A. Activatio n 

Fifty-four cells of each design (5 Ah, 21 Ah) were activated in groups of eighteen 
cells. The height, width and thickness of each cell was measured prior to filling 



the cells with electrolyte. Cell thickness measurements were also obtained 
Immediately after activation and prior to sealing the cells. The cells were re- 
weighed after activation, at the end of the formation procedures and after the 
cells were Bealed. The maximum and minimum dimensions of the sealed cells 
are shown in Table 1. 

The 5 ampere-hour cells were filled with 19. See of Potassium Hydroxide (44% 
Koll) ami the 21 ampere-hour cells were activated with 53 cc. During uetivution 
the cells wore placed in a vacuum of 20 to 25 inches of Hg to remove the air 
from the cells. Removing the vacuum forced the electrolyte into the colls. 

Immediately after activation groups of 8 to 10 cells were restrained with end 
plates to prevent expansion of the cell cases. An overflow tube was then placed 
into each cell's vent spout to prevent the electrolyte from spilling over the top 
of the cells during formation. 

B. Formation 


The formation sequence consisted of 3 charge/discharge cycles ami a final re- 
charge using the manufacturer's recommended current and voltage parameters. 
A formation cycler was used to cycle each group of 18 cells at the specified con- 
stant current limits. Each cell was automatically removed from the series cir- 
cuit at the required voltage limit (1.00 volts during discharge ami 2.05 voltp 
during charge). An ampere-hour integrator in each series group of 18 cells 

Table 1 


Sealed Cell Dimensions 



1 

Height 

(Inches) 

Width 

(Inches) 

Thickness 

(Inches) 

Weight 

(Grams) 

HR5(S)-1 





Minimum 

2.868 

2.067 

0.797 

130.3 

Maximum 

2.881 

2.076 

0.803 

132.3 

HR21(S)-1 





Minimum 

4.864 

2.300 

0.996 

356.9 

Maximum 

4.878 

2.303 

1.000 

361.2 
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recorded the ampere-hour* of each cell whenever It* charge or d. charge wa* 
terminated. The current and cell voltage* were monitored with an .. ' muted 
data acquiHltlon *y*tcm (I)ymec 2010C). 

At the end of each charge the 5 Ah cell* had ^ substantial amount of electrolyte 
in the overflow tube* wherea* the larger cc.ls had little or no elect lolyte in the 
overflow tubes. The larger quantity of electrolyte in the overflow tube* in the 
5 Ah cells wa* attributed to the vent *|*>ut* which protruded below the bottom of 
the cell ca*c cover*, allowing the electrolyte to creep up into the overflow tube*. 
The lowur portion of the vent *pout wa* removed in the 21 Ah coll* and therefore 
the electrolyte level had to reach the cell case cover in order for the electrolyte 
to creep up in the overflow tube. Removing the lower portion of the vent *pout 
in the 5 Ah cell* *hould substantially reduce the amount of electrolyte in the 
overflow tube* at the end of each formation charge. 

At the completion of the three formation cycles, the cells were recharged, 
purged (20-25 inches llg) and placed on stand for 24 hour*. The electrolyte 
level of each cell was then examined and adjusted (removed KOII), where re- 
quired, to assure the level of the KOI! was below the top of the separator sys- 
tem. The amount of electrolyte removed from the 5 Ah cell* ranged from 0.0 
to 1.0 ce. No electrolyte wa* removed from the 21 Ah cells. The vent holes 
were then seuled with plastic disk* and plexiglass cei tent (PS- 18). Epoxy (Delta 
Cast 153) wa* used to seal the coIIh which were fitted with pressure gauges or 
transducers. Epoxy was also applied to the top of the cell case covers where 
the terminals are located to prevent possible leakage at the terminals during 
the long term study program.* 

The 18 cells were leak checked with phenolpthalein prior to fabricating the 
battery . 

The 13 cells with ampere-hour input capacities comparatively equal during the 
final recharge were selected for the battery since all cell voltage* were similar 
throughout the "formation" cycling regime. Two of the five remaining cells 
were discharged to 1.00 volt to obtain the ampere-hour capability, which would 
be used as a reference for evaluating the cells at the end of the battery test. 

The three remaining charged cells were placed on open circuit stand at room 
temperature ambient and then discharged at the end of the study with the 13 cells 
in the battery. 


*The batteries are incapsulated with an Epon epoxy for aero-space application whereas these test batteries 
and additional test cells were not potted Incapsulating the cells with epoxy would have created problems 
for the ‘‘Cell Dissection and Separator Analyses.” 
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Throe batteries for each of the two type ampere-hour cells wcr* tested during 
the study. The ampere-hour discharge capacities of the cells from cuch bat- 
tery were compared to the three charged cells stored at room tomperature and 
the twe reference cells to determine the effects from the various buttery tests. 
The 54 cells of i»oth ampere-hour situs aro Illustrated in Table 2. 


Table 2 

Cell Test — Battery Program Outline 



HR5(S)-1 Cells 

!!K21(S)-1 Cells 

Batteries 

Sma'l 

Bus 

Periodic 

Large 

Bus 

Periodic 


Probe 

Cycling 

Probe 

Cycling 



S/N 

S/N 

S/N 

S/N 

S/N 

S/N 



28 

45 

63 

28 

45 

63 



29 

46 

64 

29 

46 

64 



31 

47 

65 

30 

47 

65 



32 

48 

66 

31 

48 

66 



34 

49 

67 

32 

51 

67 



35 

5G 

68 

33 

53 

68 



36 

51 

69 

36 

54 

69 



37 

52 

70 

37 

55 

7C 



38 

53 

71 

38 

56 

71 



41 

55 

72 

40 

58 

72 



42 

56 

73 

41 

59 

73 



43 

59 

74 

42 

61 

74 



44 

61 

75 

43 

62 

75 

Reference 

| 


60 

76 

39 

57 

76 

Cells 

K 


62 

77 

44 

60 

77 

Room 



54 

78 

27 

49 

78 

Temperature 

< 

33 

57 

79 

34 

50 

79 

Storage 


37 

58 

80 

35 

52 

80 
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C. Hutt Vehicle Battery (HK 5(S)-1 Cell) 


Two batteries comprised or thirteen 5 Ah eel It* supply electrical power for the 
Hum vehicle. One battery 1h used for the "average" power requirements during 
pre-launch ami the firHt ‘JO minutcH of the luunch phase when the spacecraft 1 h 
without Molar-array power. The second battery is used to fire the pyrotechnics 
(peak power requirements) during the launch phase and again iluri><g separation 
of the 4 probes. In caso of a failure <d either battery, the other can be switched 
in as a back-up. The solar-array supplies the electrical power to operate the 
spacecraft and recharge the batteries during the cruise to Venus (Figure 1). 


a launch to sun orientation 

B HEATER AMISH TOM SMALL PROBES 
C CMUISI MlTH I MATT TRANSMITTER 

0 URST TRAJECTORY COMMfCTION 

1 CMUISt MlTH S MATT TRANSMITTER 
T SECOND TRAJECTORY CORRECTION 
0 CRUISE MlTH 10 MATT TRANSMITTER 
H THIRD TRAJECTORY CORRECTION 

I CRUISE MlTH 10 MATT TRANSMITTER 


J LARUE AND SMALL PROBt SEPARATION 
K CRU'SE MlTH io-matt transmitter 

L ENTRY MINUS ) HOURS TO CESSATION OE BUS OPERATION 
M 2/A PULSE SMALL-PROBE BOOM ERECTION 
N 9 A PULSE LARGE PROBE ELECTRICAL SEPARATION 

o 2 ?a pulse large probe mechanical separation 
P 2 /A PULSE SMALL PROBE ELECTRICAL SEPARATION 
0 27A PULSE SMALL PROBE MECHANICAL SEPARATION 
R 2/ A PULSE SMALL PROBE BACKUP SEPARATION 



NOTE Tha 21 Ah biliary mm tittad al lour Tima* lha 
poMar i avail indicalad in Itn* prolila 


Figure 1. Bus Battery Power Profile (5 Ah Battery) 
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Thu performance study or thu 5 Ah buttery included five pulses ol 27 to .'t;i am- 
peres for 5-second dura’. ns, ut 1 minute intervals. Thu buttery was then dis- 
charged at 2.1 amperes (;>38 watts) for 2.5 hours, simulating a 1-hour pre- 
launch and DO- minute launch phase. The battery was then recharged and flouted 
at the open circuit potential of 21,1s (1,86 volts |»er cell). 

Although the solar array su|>plies the required power (51, 09, and 77 watts) for 
the three trajectory correction maneuvers on days 5, 80, and 138, respectively, 
the battery was tested at these power levels for 30 minutes |>er correction ma- 
neuver (to represent a worst-case simulation), 'lhc battery was churge/flouted 
after each maneuver. 

A pulse test similar to the one performed during the launch phase was also con- 
ducted on day 118 when simultaneous separation (27 amperes, peak current) of 
the throe small prolies is required. The lowest battery voltage was 13.81 volts 
at the start of the second pulse (32.5 amperes). 

A ’’Post Mission" evaluation of the battery was then performed by conducting a 
capacity test at the 69-watt power level for 30 minutes. The test was then con- 
tinued at the 37-watt "launch phase" power level to compare thu voltage charac- 
teristics with those obtained on day one. At 5.2 ampere hours out, the battery's 
voltage was J' '» volts as compared with 19.85 volts at the start of the dis- 
charge. IT was terminated when the battery voltage decreased to 18.0 

volts (<1.40 volts per cell). The capacity output was 8.3 ampere-hours. Each 
.ell was then individually discharged to l.uO volt. The total capacity output for 
the thirteen cells ranged from 8.3 to 8.9 ampere-hours. The capacity inputs 
for these culls prior to the start of the 118 day mission hud ranged from 9. 1 to 

9.0 ampere-hours. This battery was capable of delivering the various power 
requirements (Figure 2) throughout the study. 

During the first recharge the battery received 7.8 ampere-hours, which was 

2.0 ampere-hours more than it delivered during the lau tch-phasc simulation. 
Cull voltages ranged from 1.951 to 2.030 volts at the end of charge. The five 
cell pressures ranged from 12 to 14 psig whereas they hail ranged from 0 to 8 
psig at thu start of the recharge. The cell which was 1.951 volts increased G 
psig and the cell which was 2.030 volts Increased GGpsig. The severe voltage 
unbalance between the cells and high increase in cell pressures were indications 
that the battery had been overcharged. 

A review of the data indicated the charge volt;ige characteristics of these 5 and 
21 Ah cells were slightly different th;in 5 and 16 Ah cells previously tested at 
GSFC which contained the same sized Ag and Y.n electrodes. An i vjulry to the 
manufacturer revealed that the manufacturing process for the silver particles 
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used in sintering the Ag electrode had been improved. The average size of 
the Ag particles were smaller and resulted in the different charge voltage 
characteristics. 

The battery charge voltage limit was lowered to 25.-11 volts (1.955 volts per 
cell) and the current trip point was raised from G5 ma to 100 ma for all subse- 
quent recharges. The cell voluiges never exceeded 1 . *»8 volts and cell pres- 
sures gradually decreased whenever the battery was "floated" at 24. 18 volts 
('142 days total time). Cell pressures larged from 4 to lOpsig at the end of 
the capacity test on day 148 (Table 3). All cells passed the leak check at the 
end of the study. The gradual decrease in cell pressures can be attributed to 
the recombination of the gasses (oxygen and/or hydrogen), that had developed 
during the overcharge on day 1. 

I ) . Hus Batt e ry Study (HK21(S)-1 Ceils) 

A substantial Increase in the average power requirements for the Hus vehicle 
and/or Small probes would necessitate the selection of a cell with a nominal 
ampere-hour capacity greater than the 5 Ah cells. A substantial reduction in 
the average power requirements for the Large probe would necessitate the se- 
lection of a cell with a nominal ampere-hour capacity less than the 21 Ah cells 
which contain seventeen (l) Zn, 8 Ag) electrodes. A 10 Ah cell which contained 
thirteen (7 Zn, G Ag) of the same size electrodes had been previously tested at 
GSFC. A 10 Ah cell could be designed by using nine (5 Zn, 4 Ag) electrodes of 
the same size. The electrodes would fit into the manufactur- r's lOAh cell case 
used for vented cells. The engineering costs to design a 10 Ah and 1U Ah cell 
would be minimized because the electrodes and cell cases have been designed 
and tested. 

Since the 10 Ah and 1G Ah cells would contain the same sized electrodes as the 
2J Ah cells, a 21 Ah battery was also tested at the Hus vehicle profile to obtain 
the voltage and pressure characteristics during the various discharges and 
charge/float modes. The average power levels (37 to G9 watts) were increased 
by a factor of four, similar to the capacity ratio of the two battery designs 
(21 Ah/5 Ah). The peak current level (27 to 33 amperes) for firing the pyro- 
technics was not increased. The 21 Ah battery was capable of performing at the 
different power levels throughout the study as illustrated in Figure 3. 

The charge voltage was limited at 25.74 volt (similar to the 5Ah battery) for 
the first recharge. The current was limited at 2.1 amperes and the "trip" cur- 
rent level was set for 210 milliamperes . A severe unbalance between the cell 
voltages f 1.940 to 2.039 volts) also occurred in this battery similar to the 5 Ah 
batter; previously discussed. The recharge was manually stopped after the five 
cells with pressure gauges had exhibited pressure increases of 2 to 10 psig. 



Bus Battery" Cell History 



NOT! Average pressure calculated from 5 cell pressures. 

•Charge Voltage Limit = I .980/cell. Battery overcharged, automatically tripped to “Float' 
••Charge Voltage Limit * 1 .981/cell. Battery overcharged, manually put into “Float ' mode. 
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Figure 3. Bus Battery Voltage Profile (13 x HR21(S)-1 Cells) 



The capacity input was 1.3 ampere-hours more than the output. 

Lowering the battery "charge" voltage to 25.41 volts eliminated the severe cell 
voltage unbalance and high cell pressures during the remaining recharges (Table 
3). Cell pressures ranged from 2 to 3.5psig at the end of the capacity test on 
day 148. The battery's capacity output at 18.0 volts (^ 1.40 vo:ts/cell average) 
was 28. G ampere-hours. The individual cell capacities ranged from 28.0 to 
29.9 ampere-hours. The capacity inputs for the cells had been 30.8 to 32.3 
ampere-hours during the final formation recharge, prior to initiating the study. 

E. Small P robe and Large Probe Batteries 

Immediately after launch the ambient temperature of the three Small probe (5 Ah) 
batteries and the Large probe (21 Ah) battery will decrease to -45°C and -20*C 
respectively. Both battery designs were studied at the Small probe temperature 
profile because this battery experiences the greatest temperature change during 
the 158 day mission from Launch to Impact (Figure 4). The "flight" temperature 
as defined in the GSFC Study (Phase A Report, 5-71) range was exceeded by 
-10°C and +10*C to represent the prototype levels. 



Figure 4. Small Probe Temperature anti Power Profile 


ORIGINAL PAGE IS 
OF POOR QUALITY 


12 


The ambient temperature was decrease*! from 24*C to -55°C during the first 2 
hours of the test profile. During the following 21 weeks the temperature was 
increased at the rate of 2°C per week. Prior to simulating the "separation" of 
the probes from the Dus vehicle, the temperature was increased from -13' C to 
5*C. The temperature profile is shown in Figure 5. The open circuit voltages 
of the cells in each battery remained stable (1.85 to 1.86 volts) throughout this 
period. The batteries were charged on iay 14h at the same voltage anil current 
parameters descrtoed ior the bus batteries. Ihe (5 Ah) Small probe battery 
tripped into the float mode after 0.03 ampere-hours input. The (21 Ah) Large 
probe buttery received 0.16 ampere-hours when it went into the float mode. 
Battery capacity did not appear to degrade during the five month stor:igo at 
-55®C to 5°C. 

The power levels used for testing each battery from Separation to Impact (day 
148 through 158) are shown in Figures 6 and 7. Pulse testing (peak power) con- 
sisted of five pulses of 5 second durations, at one minute intervals. The ten 
day "Coast" period (0.07 watts) was not simulated since the current and capacity 
requirements were insignificant. The Kntry to Impact phase (11°C to 62“C) of 
the test was simulated for an additional 30 minutes at 62°C. 


* 

* 

I 

UJ 

X 

D 

►- 

< 

X 

UJ 

I 



75 I 


1 2 
HOURS 


40 


80 

DAYS 


120 


J L 


158 


2 

HOURS 


Figure 5. Temperature Profile of Small ami Large Probe Battery Studies 
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Kl. Small l'l-obe Patten Discussion amt Kesults— The small probe batU lies' 
lowest voltage was I t. to volts at 1.5 amperes (25 . 5 w ttts tverage pov er) 
during the thirty minute "separation phase." The battery voltage decreased to 
10.41 volts during the pulse test simulating "Yo-Yo despin. " Similar voltages 
were observed 10 days later during the .’10-minute preentry phase and pulse test 
(Temperature Probe Deployment, Figure 0). Battery voltage increased from 
10.55 to 20.80 volts during the 2-hour Entry to Impact phase when the ambient 
temperature was increased from U*C to 62*C. The complete volttige and 
temperature profile is depicted in Figure 8. 

The five cells with pressure transducers increased 3.3 to 4. 5 psia during this 
portion of the test. Cell pressures at the end of this period ranged from 10.7 
to 18.8psia (Table 4). 

The battery was dismantled and each cell was discharged to 1.00 volts at room 
temperature ambient on day 175. 

Total cell capacities ranged from 8.0 to 8.3 ampere-hours out, whereas the 
capacity inputs had ranged from 8.0 to 9.3 ampere-hours prior to initiating the 
study. Similar discharge capacities were recorded during the third Formation 
cycle which had preceded this study. 


Table 4 


Small Probe Battery "Cell Pressure and Temperature" 
During Mission Simulation 


Test Day 

1 

1 

31 


93 

12 1 

1 10 

148 

148* 

158 

158** 

Ambient 

Temp. 

<°C) 

24 

-55 

-47 

-37 

-29 

-19 

-13 

05 

05 

11 

02 

Lowest 

Pressure 

(psia) 

15.4 

10.0 

10.9 

10.2 

9.5 

9.0 

9.8 

11.1 

11.0 

13.0 

10.7 

Average 

Pressure 

(psia) 

17.7 

12. 1 

11.0 

11.0 

10.7 

10.8 

11.0 

12.3 

12.7 

13.5 

17.9 

Highest 

Pressure 

(psia) 

19.1 

13.0 

12.7 

11.8 

12.4 

12.9 



13.3 

14.4 

14.4 

14.9 

18.8 


NOT! Average pressure calculated from S cell pressures. 

•Pressures at end of .10 minute “Separation" Test. 

••Pressures at end of 150 minute “Preentry" through “Impact” Test. 
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SEPARATION (A.B) DAY 148 PRE ENTRY. ENTRY THRU IMPACT |DEF| DAY 158 
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Figure 8. Small Probe Battery Voltage Profile (13 x HR5(S)-1 Cells) 


E2. Large Pr obe Battery Pe rformanc e— Thu lowest battery voltage during the 
separation and preentry phases was 19. 36 volts at the average power level of 
75.0 watts. Battery voltage decreased to 10.27 volts during the pulse test 
(37.3 amperes). The voltage increased from 18.99 volts to 19.78 volts at the 
188 watt "average" power level as the ambient temperature was increased from 
11*C to 02“C during the entry through impact phases (Figure 9). Cell pressures 
increased approximately 8psia during this period (Table 5). 

The capacity output of the cells ranged from 27.9 to 29.3 ampere-hours at the 
end of the Btudy. The average cell capacities were 1.5 ah less than those ob- 
tained during the final Formation cycle discharge. 

Table 5 

Large Probe Battery "Cell Pressure and Temperature" 

During Mission Simulation 


Test Day 

1 

1 

31 

62 

93 

124 

146 

148 

148* 

J 

158 ^ 158** 

Ambient 

Temp. 

CC) 

24 

-55 

-47 

-37 

-29 

-19 

-13 

05 

05 

I 

11 62 

Lowest 

Pressure 

(psm) 

17.8 

12.1 

10.4 

9.6 

9.2 

9.1 

9.3 

10.7 

— 

11.3 

11.8 19.7 

Average 

Pressure 

(psia) 

18.3 

12.5 

11.0 

10.2 

9.7 

9.4 

' 

9.7 

11.1 

11.7 

12.3 20.1 

1 

Highest 

Pressure 

(psia) 

19.0 

13.0 

11.4 

10.7 



10.0 

9.8 

10.0 

1 

11.5 



12.2 

12.7 20.5 


NOTI Average pressure calculated from 5 cell pressures. 

•Pressure at end of 30 minute “Separation" Test. 

••Pressure at .nd of 150 minute “Preentry” through "Impact" Test. 


F . Periodic Cycling Tests 

Although the "flight" batteries are not subjected to a severe charge/discharge 
cycle regime, the test batteries which will be used for the extensive subsystem 
and spacecraft tests will require numerous charge/discharge cycles. The depth 
of discharge may change from cycle to cycle due to the various subsystem and 
spacecraft test schedules. Battery capacity will degrade during the cycling 
regime, particularly at deep depths of discharge. 
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A battery of each Ah design was subjected to a "cycle" test to determine the 
amount of capacity degradation for the tent batteries. The 13 cells in each bat- 
tery were Individually discharged to a 100 percent depth (1.00 volts) each cycle. 
The 5 Ah cells were discharged at the current drain of 1.3 amperes (small probe) 
ami the larger cells at 10.0 amperes (large probe). 

Each cell was recharged at a constant current of 0.5 and 2. 1 amperes for the 
5 Ah and 21 Ah respectively , to a voltage limit of 1.98 volts. Since each cell 
was automatically disconnected from the charge circuit, the Individual cell volt- 
age limit was (1.98 volts), which was slightly higher than the "battery" voltage 
limit of 1.955 volts/eell usod to charge the Hus and probe batteries. 

After completing 20 charge/di seharge cycles during a span of 3 months, the cell 
capacities of the 5 Ah battery ranged from 7.3 to 7.7 ampere-hours which Is ap- 
proximately 150 percent of the nominal rated capacity. Cell capacities only de- 
graded 5 to 11 percent during the 20 chargo/dlscharge cycles (Table 6). 

The 21 Ah cells were cycles! at the same Intervals as the smaller cells. This 
test was prematurely terminated during the thirteenth cycle charge. All cells 
were ruptured due to an overcharge of approximately 13 ampere-hours, caused 
by a malfunction of test equipment. 


Table G 

Ampere-Hour Discharge Capacities of Periodic Cycling Tests 


13 HR5(S)-1 Cells 

Cycle 

FI 

n 

1 

1 

8 

12 

16 

20 

1 )ate 

2-13-73 

2-22 

3-9 

3-23 

4-12 

4-26 

5-10 

5-24 

Lowest Ah 

8.3 

■n 

Q 


IQ 

ma 

7.1 

7.3 

Average Ah 

8.7 

8.9 

8.3 

■a 

8.0 

ma 

7.3 

7.5 

Highest Ah 

8.8 

9.2 

8.8 

8. 6 

8.1 

7.6 

7.5 

7.7 

13 HR21(S)-1 Cello 

Cycle 

FI 

F3 

1 

4 

8 

12 


Date 

2-13-73 

2-22 

3-9 

3-23 

4-12 

4-26 

Lowest Ah 

27.9 

28.3 

28.3 

26. 8 

21.7 

19.3 

Average Ah 

29.8 

29.4 

29.8 

27.4 

22.5 

20.0 

Highest Ah 

30.6 

30.3 

31.0 

28.5 

22.9 

20.6 


NOTTS (A( FI and F3 wen* Formation cycles; <B) Cells charged to 2.05 volts during Formation and first 
cycle (C) Cells charged to I .‘>8 volts during cycles 2-20. 
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Cell capacities had degraded 9 U> 10.5 ampere-hours at the end of the twelfth 
cyele discharge . The average cell capacity wait 05 percent of the nominal 
21 Ah rating an compared to 142 percent at the end of the final formation cycle. 
Charge/discharge cycling hail a more detrimental effect on he ampere-hour 
capacity of the 21 Ah cellti than on the 5 Ah cells. 

G . Wet Sta mi Tc s t 

Silver-zinc cel In are known to l>e adversely affected by the ler. ,tli of wet staml 
(storage time) ami temperature. The decom|H)Hitiou of the electrode 's active 
material and silver migration through the separator system also depends on the 
'.ell's "state -of-charge" during storage. Data obtained throughout the years 
have shown that Ag Zn cells and batteries should be stored in a "discharged" 
condition at cold temperatures. 

Three charged cells were stored at room ambient temperature for each battery 
test. This was done to compare the effects of the sub-zero temperatures on the 
probe battery cells and the effects of "eharge/float" on thu Hus battery cells. 
The storage periods varied from 115 days to 190 days whereas the probe ami 
Bus batteries were on test for 175 and 172 davs, respectively. 

The results of the capacity tests which arc illustrated in Tables 7 and 8 showed 
that the capacity output of the cells decreased as wet storage time increased 
(l.e., Table 7, Group A's wet stand periods were 3, 115, ami 190 days). The 
effects of the vurious storage periods at the different temperature parameters 
were determined by comparing the "average" charge efficiencies Ah out/Ah In 
of the reference cells with the colls placed on charge staml (groups A, B, C) ami 
the cells in each of the batteries listed in Tabic 9. 

The ratio of the Ah out/Ah in of the 21 ampere-hour reference colls were 
greater than the 5 ampere-hour reference cells and therefore the larger cells 
should have had higher charge retention for all test conditions. 

The 5 Ah cell's "charge" retention was lower for all test conditions except the 
small ami large probe batteries which were 3.9% and 4.1% respectively. The 
cells in the probe batteries which had been tested at sub-zero temperatures for 
148 days of the 175 day test program were least affected by the long wet staml 
regime as compared to the cells stored at room temperature. 

The cells in the Hus batteries which had been on charge/float at room ambient 
temperature for 143 days of the 172 day test program had a slight decrease in 
charge retention as compared to the reference cells stored at room ambient 
temperature for 1(50 days. 


20 



HR5(S)-1 Wet Stand Capacity 



ORIGINAL PAGE LS 
OF POOR QUALITY 


21 


Reference Cells 




mlGlNATi 
)F POOR 




i 

a: 


22 


Extra (Periodic Cycling 
Battery) Cells 


Table 



23 


ORIGINAL PAGE Lb 
OF POOR QUALITY 








H . Examination of Electrodes ami Cellophane Separat ors 


111. Elect rode h (Visual) — One reference cell and one test cell for each storage 
period listed under Room Temperature Stand (Groups A, B, C) in Tables 7 and 8 
were dissected at the conclusion of the electrical tests. Several cells from each 
one of the six batteries were also dissected after being discharged to 1.00 volt.* 

The silver electrodes in the reference cells had a small trace of AgO on the top 
edges. The cells which had been on charge stand for 117 to 100 days had traces 
of Ago on the entire surface area. The amount of Ago Increased with storage 
time. 

The 5 Ah electrodes (Figure 11) and 21 Ah electrodes (Figure 12) from the cells 
in the test batteries showed a substantial variation in the quantity and putt *rn of 
Ago which was directly related to the "state of charge" and environmental 
temperatures . 

The Ag electrodes in the 21 Ah cells which had been periodically charge/discharge 
cycled had a heavy concentration of AgO at the top edges. The pattern was simi- 
lar to the severe change in the shape of active zinc material in the top of negative 
electrodes . 

The 5 Ah cell (S/N 33) that had been on charge stand for 11 weeks anti then was 
included in the periodic cycle test also had a heavy concentration of AgO on the 
top edges of the silver electrodes. S/N 68 which had been cycled immediately 
after "formation" had a slight trace of AgO on the top edges of the electrodes. 

The silver electrodes in the cells from the probe batteries stored at sub-zero 
temperatures had slight traces of AgO on the entire surface area. The greatest 
amount of AgO was on the electrodes from the Bus Battery cells which had 
been on charge/float. 

112. Cellophane Sep arator s (Vi sual) — Each pair of Ag electrodes in the HRS cells 
was covered with one wrap of woven nylon. The HR21 cells had one wrap of non- 
woven nylon on each pair of Ag electrodes. Both designs had four wraps of cel- 
lophane on each pair of Ag electrodes. Visual examination of the cellophane 
separators showed a substantial variation of silver migration for the various test 
conditions. The penetration of silver migration through the four wraps of cello- 
phane were as follows: 


•The corners of some electrodes were damaged while removing the Epoxy which incapsulated the electrode 
leads soldered to the terminal posts. 
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(a) Heavy concentration ‘.hrough the first inner wrap and some buildup on 
second wrap in the cells stored in a "discharged" condition at sub-zero 
temperatures (S/N 39, Figures 13, 17). 

(b) Cells which were stored "charged" at sub-zero temperatures (Probe 
Batteries) told a heavier deposit of silver on the second inner wrap as 
compared to the discharged cells (Figures 13, 17). 

(c) All the cells stored "discharged" at room temperature had a heavy pen- 
etration through the first wrap and some migration through the second 
wrap, whereas all the cells stored "charged" had a heavy penetration 
through the two inner wraps and some penetration through the third and 
fourth wraps which increased with the increase in storage time (Fig- 
ures 14, 15, 18, 19). 

(d) All the cells which were cycled immediately after "formation" had a 
heavy penetration through the first wrap and some migration through 
the second wrap whereas the 5 Ah cell (S/N 33) which had been stored 
charged for 14 weeks prior to cycling, had silver migration through the 
third wrap. Silver migration in these cells did not appear to be as se- 
vere as in the cells stored "charged" at room temperature (Figures 
15. 1(5, 19). 

(e) Cells which were on a "charge/float" at room temperature (Bus batter- 
ies) had a heavy penetration through two wraps and some penetration 
(S/N 50, Figure 14) or deposit (S/N53, Figure 18) on the thin! wrap. 

(f ) The cells in the Probe Batteries (Figures 13, 17) had a heavy penetra- 
tion through the first wrap, the cells in the Periodic Cycling tests (Fig- 
ures 15, 19) had silver migration through the second wrap and the Bus 
Battery cells (Figures 14, 18) had the greatest penetration of silver, 
through the third wrap (Figures 16, 20). Silver migrated 41 up to or 
through all four wraps in the cells which were stored "charged" at 
room temperature for the duration of these battery tests. 

H3. Cellophane Sep a rators (X-ray Fluorescence) — The cellophane separators 
(Figures 13-20) wece also analyzed by x-ray fluorescence to determine the 
concentration of silver and zinc for each wrap. A 15 x 25 mm sample was re- 
moved from each wrap (near the "U" fold) that covered one of the Ag electrodes. 


•Silver migration was determined by examining the ‘‘colored" photographs The white background appears 
as silver in the third wrap of cellophane in the black and white photographs of the "Probe battery" cells 
and cells stored at room temperature. 
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The silver and zi'ic counts (determined over a period of one minute) were ob- 
tained by using a chromium target, Li F crystal and flow proportional counter. 

Five measurements were taken for each sample and the counts were averaged. 
The analyses for all eight layers (2 layers/wrap) were also averaged. The re- 
sults are listed in Tables 9 and 10. No corrections were made for background 
noise since it remained the same for all measurements (Ag - 14.3 x 10 3 , Zn 
'll X 10 3 ). 

Although the visual observations for silver migration were similar to the results 
obtained in the x-ray fluorescence analyses, selecting the particular test condi- 
tions which had the greatest effect upon the silver contents for each wrap of cel- 
lophane could only be determined by analyzing the results of Tables 10 and 11. 
The test conditions which had the greatest effect on the silver content for each 
wrap (two layers/wrap) were as follows: 

a. First inner wrap (layers l and 2) ( highest silver content, regardless of 
test condition) 

1. Temperature (appreciably higher at room temperature as com- 
pared to sub-zero) 

2. Wet stand 

b. Second inner wrap (layers 3 and 4) (significantly lower than first wrap 
for all test conditions) 

1. Charge stand 

2. Bus battery tests (charge/float) 

3. Battery cycling tests (100% DOD) 

4. Temperature (higher at room temperature) 

c. Third inner wrap (5, (>) (significantly less than second wrap for all test 
conditions) 

1. Charge stand (11115 cell only) 

2. Bus battery test (11115 cell only) 

d. Fourth wrap (7, 8) (similar silver contents as third wrap, slightly 
higher than background counts) 

1. Formation cycling (3 charge/discharge cycles and recharge) 

Temperature, charge stand :uid charge/float appear to have had the greatest ef- 
fect on silver migration throughout the four wraps of cellophane, whereas dis- 
charge stand and charge/discharge cycling had the least effect. 
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NOTES: 1 . Each Ag electrode has four wraps of cellophane. 

2. Area of cellophane sample analyzed was 15x25 mm 

3. Ag background = 14.3 x I0 3 . 

4. Zn background = 91 x 10 3 . 
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NOTES : I . Each Ag electrode has four wraps of cellophane. 

2. Area of cellophane sample analyzed was 15 x 25 mm 

3. Ag background = 14.3 x 10 3 . 

4. Zn background = 9 1 x 10 3 . 



The zinc electroties are adjacent to the fourth wrap (layers 7 ant. 8) of cellophane, 
and therefore the highest concentration of zinc always appeared to be in the outer 
wrap. The test conditions which had the greatest effect on zinc penetration of 
the cellophane separator system was as follows: 

a. Fourth wrap (7, 8) (highest zinc counts for all test conditions) 

1. Temperature (discharged cells stored at sub-zero to G5°C and 
Small probe cell) 

2. Wet stand 

b. Third wrap (5, 6) (less concentration than outer wrap for all test 
conditions) 

1. Temperature (discharged cells stored at sub-zero to G5°C and 
Small probe cell) 

2. Wet stand 

c. Second wrap (3, l) (some samples had a higher concentration and others 
had a lower concentration in comparison to the third wrap) 

1. Temperature (discharge stand at sub-zero to G5°C, Small and 
Large probe cells) 

2. Wet stand (cell stored discharged at room temperature) 

d. First wrap (1, 2) (concentrations varied between samples as compared 
to the second wrap) 

1. Temperature (sub-zero to G5“C) 

2. Wet stand 

The two UR5 and one 111121 cells which were analyzed from the periodic cycle 
test show'od a gradual decrease in zinc concentration from the outer wrap to the 
inner wrap whereas zinc concentration appeared to randomly vary tor the other 
test modes. Although there was a substantial loss of active zinc material in the 
negative electrodes of the cells which had been periodically cycled (12, 15, 20 
cycles), the ionic diffusion through the cellophane separator system did not ap- 
pear to be significantly greater than the diffusion resulting from the other test 
conditions. 

CONCLUSIONS 

The 5 ampere-hour battery for the Bus vehicle is capable of supplying electric 
power for one hour prior to launch and 00 minutes after launch when the solar 
array is shadow'ed from the sun. The battery can be maintained at its maximum 
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capacity level without causing severe pressure buildup within the sealed ce'is 
by "charge/ floating" the battery. The battery will also deliver the 27 ampere 
pulses required for simult;ineously separating the three Small probes from the 
Bus vehicle. 

The 5 ampere-hour Small probe battery and 21 ampere-hour Large probe battery 
were not adversely affected by the -55’C to G5°C "pro to -type" thermal profile 
simulated during the 158 day program. Cell pressures in both batteries were 
less than 1.5 atmospheres. The Small probe battery was capable of delivering 
4.2 ampere-hours during the simulated mission profile and each cell delivered 
an additional **.8 ampere-hours or greater when they were discharged to 1.00 
volt at the conclusion of the test. The cells in the Large probe battery delivered 
28.0 to 20.7 ampere-hours, of which 23.2ah was removed during the simulated 
mission profile. 

Both cell designs were periodically charge/discharge (100% depth) cycled during 
a 3-month period. The 5 Ah cells were capable of delivering 7.1 to 7.5 ampere- 
hours at the end of 20 cycles as compared to 7.7 to 8. 8 ah during the first cycle. 
The larger cells delivered 19.3 to 20.0 ampere-hours at the end of only 12 cycles 
as comp, rod to 28.3 to 31.0ah during the first cycle. The average cell capacity 
degraded 33 percent for the larger cells as compared to 14 percent for the 5 Ah 
cells. A record should be maintained for each battery used for the various 
"sub-system" anti "spacecraft integration" tests. Tne record should list the 
dates of activation, formation cycles and various charge/discharge cycles per- 
formed during the spacecraft tests. The ampere-hour inputs and outputs should 
also be listed in order to establish the usable capacity in the test batteries. 

The high "g" acceleration tests performed at the "flight" level (QEEL/C 72-274) 
and "prototype" level (X7G1-73-5G) and this battery performance study have 
qualified both battery designs for the Venus multi-probe mission described in 
the GSFC "Phase A" report of May 1971. 
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